A density functional theory (DFT) study is performed to investigate the influence of structural defects on the electronic structure properties of perfect boron nitride nanotubes (BNNTs). To this aim, as representative models, the single-walled (6,0) BNNT consisting of 36 boron, 36 nitrogen, and 12 hydrogen atoms and the single-walled (4,4) BNNT consisting of 36 boron, 36 nitrogen, and 16 hydrogen atoms are considered. The nuclear quadrupole resonance (NQR) parameters are calculated and compared in two perfect and defective models of the considered BNNTs. The results indicate that due to formation of non-hexagonal rings in the defective model because of removing a B -N bond, the NQR parameters at the sites of first neighbouring nuclei are significantly influenced by imposed perturbation, however, the sites of other nuclei, farther from perturbation, remain almost unchanged. The calculations are performed at the level of the BLYP method and 6-31G* standard basis set using the GAUSSIAN 98 package.
Introduction
Very soon after the discovery of carbon nanotubes (CNTs) [1] , numerous studies have been devoted to investigate the properties and applications of the fascinating novel material [2, 3] . The applications of CNTs range from nanoelectronics to nanobiotechnology, e. g., they are used as either electronic field emitters or artificial muscles [4, 5] . Depending upon the tubular diameter and chirality, CNTs exhibit metallic or semiconducting behaviour, hence, it is a difficult task to synthesize them for the desired purposes [6] . Therefore, considerable efforts have been made to synthesize non-carbon inorganic nanotubes with properties independent of the tubular diameter and chirality. The group III nitride nanotubes, especially boron nitride nanotubes (BNNTs), are viewed as proper alternative materials which exhibit semiconducting behaviour [7 -9] . Since B and N are the first neighbours of C in the periodic table, the total number of electrons in the valence shells of one B and one N atom is equal to that of two C atoms. Both the electronic structure and the characteristic semiconducting behaviour make BNNTs an interesting subject of numerous studies [10 -12] . The stable one-dimensional structure of BNNTs was first recognized theoreti-0932-0784 / 09 / 0300-0251 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com cally and then BNNTs were successfully synthesized [13, 14] .
Nuclear quadrupole resonance (NQR) spectroscopy is an insightful technique to study the physical properties of matter in solidphase [15] . The parameters measurable by are the quadrupole coupling constant (C Q ) and asymmetry parameter (η Q ) which both are also reproducable by quantum chemical calculations of the electric field gradient (EFG) tensors. The EFG tensors originated at the sites of quadrupole nuclei, the nuclei with nuclear spin angular momentum greater that one (I > 1), e. g. 11 B and 14 N, are very sensitive to the electronic density at the sites of nuclei and feel changes by any perturbation [16, 17] . In this work, by the advantage of EFG tensor calculations, structural defects in representative models of the single-walled zigzag and armchair BNNTs are studied at the level of the density functional theory (DFT). To this aim, the EFG tensors at the sites of various 11 B and 14 N nuclei in two perfect (Figs. 1 and 3) and defective (Figs. 2 and 4) models of (6,0) and (4,4) single-walled BNNTs are calculated (Tables 1 -4 ) to indicate to which extend the electronic structure properties of BNNTs are influenced by defects. The presence of defects in nanotubes causes important applications, e. g. as hydrogen storage material [18] . 
Computational Aspects

Preparation of Models
The models considered in the present study are the single-walled zigzag and armchair BNNTs. As a representative model of the single-walled zigzag BNNTs, a 14-Å length of a (6,0) model consisting of 36 B and 36 N atoms in which the two ends of the tube are saturated by 12 H atoms is considered (Fig. 1) . In addition, a B -N bond, B13 -N9, is removed from the centre of the perfect model to create a defective model consisting of 35 B, 35 N, and 12 H atoms (Fig. 2) . As a representative perfect model of the single-walled armchair BNNTs, a 12-Å length of a (4,4) model consisting of 36 B, 36 N, and 16 H atoms is considered (Fig. 3) . A B -N bond, B10 -N9, is also removed from the centre of the perfect model to create a defective model consisting of 35 B, 35 N, and 16 H atoms (Fig. 4) . It is worth noting that the validity of the considered BNNT model concerning tube length and number of atoms for theoretical calculations was examined in [18] . As a first step of the present study, both models are individually optimized at the level of the DFT employing the BLYP method and 6-31G* standard basis set. All quantum chemical calculations are performed using the GAUSSIAN 98 package of program [19] .
Calculation of Parameters
As the second step of the present study, the EFG tensors at the sites of various 11 B and 14 N nuclei are calculated by employing the BLYP method and 6-31G* standard basis set in each of the two optimized perfect and defective models. Directly relating to the experiments, the calculated EFG tensors are converted to measurable NQR parameters, i. e. the quadrupole coupling constant (C Q ) and asymmetry parameter (η Q )
C Q is the interaction energy between the EFG tensors and the electric nuclear quadrupole moment (eQ), while η Q is a measure of the EFG tensors' deviation from cylindrical symmetry at the site of the quadrupole nucleus. It has to be noted that the EFG tensors are originated at the sites of quadrupole nuclei, e. g. 11 B and 14 N, where the nuclear spin angular momentum is greater than one (I > 1) [20] . The standard values of Q reported by Pyykkö [21] 
Results and Discussion
The 11 B NQR Parameters
The calculated EFG tensors at the sites of various 11 B nuclei in each of the two considered perfect Fig. 3. b Fig. 4 . and defective models of zigzag and armchair BNNTs (Figs. 1 -4 ) are converted to measurable NQR parameters, the quadrupole coupling constant (C Q ) and asymmetry parameter (η Q ) (Tables 1 and 3 ). For the zigzag BNNT (Table 1) , the calculated NQR parameters at the sites of various 11 B nuclei are divided into six layers where the nuclei in the perfect model (Fig. 1) have almost the same electrostatic environment resulting in the same NQR parameters. However, this harmony is perturbed in the defective model (Fig. 2) by removing the B13 -N9 bond from the perfect model. In the perfect model, the magnitude of C Q at the sites of 11 B nuclei in layer 1 is largest and that of layer 6 is smallest among all layers. BNNTs have two different ends where the magnitude of C Q ( 11 B) decreases from the B end to the N end revealing importance to the nuclei in the ends of nanotubes [22] . Furthermore, the observed difference in the magnitudes of C Q ( 11 B) in layers 2 to 5 is almost negligible, however, the difference in comparison with layers 1 and 6 is significant. Removing a B -N bond, B13 -N9, leads to an octagonal ring in the defective model (Fig. 2) which causes a perturbation in the electronic structure of the perfect BNNT. Therefore, comparison of the NQR parameters at the sites of 11 B nuclei in various layers of the perfect and defective models reveals significant differences in the calculated parameters due to the imposed perturbation. However, it is worth noting that the significance of the imposed perturbation is just for the nuclei in the first neighbourhood layer of the octagonal ring and the electronic environment at the sites of those 11 B nuclei farther away from the octagonal ring do not feel the perturbation effects. In addition to the octagonal ring, two pentagonal rings also result in the defective model by removing the bond B13 -N9. In the perfect model, each B is bound to N, however, B9 and B10 are directly bound in the defective model. Therefore, C Q of 11 B9 and 11 B10 increases by 0.75 MHz and η Q by 0.20 from the perfect model to the defective model. In contrast with this significant difference, the NQR parameters of 11 B12 and 11 B14 do not change due to imposed perturbation in the defective model. B9 and B10 are also bound in the upper pentagonal ring in the defective model; therefore, C Q of 11 B6, another boron atom in the upper pentagonal ring, increases by 0.12 MHz from the perfect to the defective model. In contrast with the lower pentagonal ring, C Q of 11 B16 and 11 B17 decreases by 0.24 MHz from the perfect to the defective model. This trend is caused by the different electronic environments at the sites of the B nuclei in the two pentagonal rings where in the lower ring two nitrogen are directly bound. A recent study [22] indicated that when a ring in a BNNT is doped by carbon atoms, those nuclei which are locate at the first neighbourhood of the doped ring show properties similar to the end nuclei. Our present results also show that C Q of 11 B9 and 11 B10 which are directly influenced by perturbation in the defective model is almost the same as C Q of 11 B at the B end of the perfect model.
For the armchair BNNT (Table 3) , some differences are observed in comparison with the zigzag model. There are two different B and N ends in zigzag BNNTs (Fig. 1) ; however, the two ends of armchair BNNTs are similar to each other (Fig. 3) yielding similar calculated NQR parameters at the two ends. The calculated 11 B NQR parameters are divided into nine layers with equivalent electrostatic properties at the sites of the nuclei in each layer. Both layers 1 and 9 are placed at the ends of the considered armchair BNNT with the same calculated NQR parameters; C Q ( 11 B) = 3.15 MHz and η Q ( 11 B) = 0.17. With the exception of the ends of the nanotube, layers 1 and 9, the calculated NQR parameters of all other layers are similar revealing the importance of the ends of the nanotubes in their behaviours and applications. The C Q ( 11 B) value of layer 5, in the middle of the nanotube, is 2.71 MHz which is the smallest value among the other layers. When a B -N bond, B10 -N9, is removed in the defective armchair model (Fig. 4) , two tetragonal rings and one decagonal ring result instead of three hexagonal rings. This structural defect significantly perturbs the electronic density at the sites of those 11 B nuclei located in the nearest neighbourhood of the new tetragonal and decagonal rings; however, those 11 
The 14 N NQR Parameters
The calculate EFG tensors at the sites of various 14 N nuclei in the perfect and defective models of zigzag and armchair BNNTs are converted to measur-able NQR parameters (C Q and η Q ); they are listed in Tables 2 and 4 . Parallel to the previous section, the calculated NQR parameters at the sites of 14 N nuclei in the perfect zigzag model are divided into six equivalent layers; the magnitude of C Q in layer 6, N end, is largest and that of the opposite side, layer 1, is smallest among all layers of 14 N nuclei in the perfect armchair model. Except for layer 6, N end, no significant difference is observed in the C Q values of the different layers of N nuclei. The C Q values of N12 and N13 which are directly bound in the defective model significantly increases by 4.16 MHz from the perfect to the defective model. The magnitude of C Q for these two N nuclei is also larger than C Q of the N nuclei in layer 6, N end, of the perfect model. The η Q value of N12 and N13 also reveals that the EFG tensors are fully deviated from cylindrical symmetry at the sites of these two 14 N nuclei in the defective model. Since N has a lone electron pair, the electron density at the site of the N nucleus is more influenced by perturbations compared with the B nucleus. The EFG tensors at the sites of 14 N8 and 14 N10 nuclei in the octagonal ring are significantly influenced due to the imposed perturbation, and C Q decreases by 0.52 MHz and η Q increases by 0.90 from the perfect model to the defective model. In the lower pentagonal ring of the defective model, in addition to N12 and N13, the NQR parameters of N16 are also significantly influenced; the C Q value decreases by 0.40 MHz and η Q increases by 0.33 from the perfect model to the defective model. In the upper pentagonal ring, the NQR parameters of N5 and N6 and also their neighbours, N4 and N7, are significantly influenced by the perturbation imposed to the electronic structure of the perfect BNNT. It is worth noting that the NQR parameters at the sites of both B and N nuclei in the back side of the defective BNNT are the same as those for the perfect BNNT revealing that the imposed perturbation just influences the first neighbours of the octagonal ring in the defective BNNT.
In perfect model of the armchair BNNT (Fig. 3) , the calculated 14 N NQR parameters are divided into nine equivalent layers with similar electrostatic properties at the sites of 14 N nuclei of each layer. Layers 1 and 9 which are located at the ends of the nanotube have the largest C Q ( 14 N) value of 1.77 MHz, while layer 5 in the middle of the nanotube has the smallest value of 0.66 MHz. In contrast with the B layers, different C Q ( 14 N) values are calculated for various N layers which is mainly due to the lone electron pair in the valence shell of nitrogen. It has to be noted that the values in each layer are the same. By removing the B10 -N9 bond in the defective model of the armchair BNNT (Fig. 4) , the EFG tensors at the sites of 14 N nuclei near the tetragonal and decagonal rings are changed. The C Q ( 14 N) values of layers 1 and 9 remain almost unchanged compared with the perfect model, however, that of layer 5 significantly decreases by 0.24 MHz. The C Q ( 14 N) values of N3, N5, N13, and N15 also decrease while those of layers 4 and 6 and N4 and N16 in layers 2 and 8 significantly increase in comparison with the perfect model. The changes of the C Q values, reduction or increment, directly refer to changes of the electron density at the site of nuclei due to the imposed perturbation. The ends of nanotubes are very important for determining their behaviours and applications. In the defective model, the C Q values at the sites of some N nuclei increase up to those values at the end of the nanotube revealing that the active sites of the considered BNNT are increased in the defective model.
Comparison of Zigzag and Armchair BNNTs
The atomic arrangements in zigzag and armchair BNNTs are different. Therefore, some different results are observed for these two types. In the defective model, the EFG tensors at the sites of nuclei near the imposed perturbation rings are more influenced in zigzag rather than armchair BNNTs. The C Q values of some 11 B and 14 N nuclei near the defect increase up to those of the end of the nanotube in the zigzag model, however, this effect is just observed for some 14 N nuclei in the armchair model. This trend reveals that the defective zigzag BNNT has more active sites rather than the defective armchair BNNT.
Concluding Remarks
We calculated the NQR parameters (C Q and η Q ) at the sites of various 11 B and 14 N nuclei using the perfect and defective models of zigzag and armchair BNNTs to study the influence of defects on the electronic structure properties of BNNTs. The results indicated that in the perfect model, the NQR parameters are divided into equivalent layers where the largest C Q values belong to the nuclei located at the B or N end. However, this harmony is interrupted by an imposed perturbation in the defective model where the C Q values of those B nuclei bound in an octagonal ring are equal to that of the B end and those of bound N nuclei are even remarkably larger than that of the N end in the zigzag BNNT. On the other hand, just the C Q values of the N nuclei undergo some increase in the armchair BNNT. This trend means that the active sites are more increased in the defective model of the zigzag BNNT than in the armchair one.
